Objectives: Hypertension is a major complication of overweight with frequently elevated aldosterone levels in obese patients. Our previous work suggests a direct stimulation of adrenal aldosterone secretion by adipocytes. Owing to aldosterone's important role in maintaining blood pressure homeostasis, its regulation in obesity is of major importance. One objective was to determine the signaling mechanisms involved in adipocyte-induced aldosterone secretion. In addition to a direct stimulation, a sensitization toward angiotensin II (AngII) might be involved. The second objective was to determine a possible adipokinesinduced sensitization of human adrenocortical cells to AngII. Design: Human subcutaneous adipocytes and adrenocortical cells, and the adrenocortical cell line NCI-H295R were used. Adrenocortical cells were screened for signal transduction protein expression and phosphorylation. Subsequently, steroidogenic acute regulatory protein (StAR), cAMP response element-binding protein (CREB), cAMP and phosphorylated extracellular regulated kinase were analyzed by Western blot, enzyme-linked immunosorbent assay, quantitative PCR, reporter gene assay and confocal microscopy to investigate their role in adipocyte-mediated aldosterone secretion. Results: AngII-mediated aldosterone secretion was largely increased by preincubating H295R cells with adipocyte secretory products. StAR mRNA and StAR protein were upregulated in a time-dependent way. This steroidogenic effect was independent of the cAMP-protein kinase A (PKA) pathway as cellular cAMP was unaltered and inhibition of PKA by H89 failed to reduce aldosterone secretion. However, CREB reporter gene activity was moderately elevated. Upregulation of StAR was accompanied by ERK1/2 MAP kinase activation and nuclear translocation of the kinases. Inhibition of MAP kinase by UO126 abolished adipokine-stimulated aldosterone secretion from primary human adrenocortical and H295R cells, and inhibited StAR gene activity. Adipokines stimulated steroidogenesis also in primary human adrenocortical cells, supporting a role in human physiology and/or pathology. Conclusions: Adipokines induce aldosterone secretion from human adrenocortical cells and sensitization of the cells to stimulation by AngII, possibly mediated via ERK1/2-dependent upregulation of StAR activity. This stimulation of aldosterone secretion could be one link between overweight and inappropriately elevated aldosterone levels.
Introduction
Overweight and obesity have reached epidemic proportions with dramatic medical consequences in western countries. Obesity is a major risk factor for lipid abnormalities, atherosclerosis, type II diabetes mellitus, certain types of cancer and high blood pressure. 1 Although the association between obesity and elevated blood pressure is unquestioned, the pathogenetic mechanisms are poorly under-stood. Leptin and insulin, the renin-angiotensin-aldosterone system, activation of the sympathetic nervous system, peroxisome proliferator-activated receptor gamma (PPARg) activation and endothelial dysfunction are some of the pathogenetic factors discussed. [2] [3] [4] Interestingly, aldosterone plasma levels are frequently elevated in obese hypertensive patients. [5] [6] [7] [8] [9] However, plasma renin levels are not always increased, indicating renin-independent aldosterone synthesis in obesity-associated hypertension. 10 Aldosterone is the most potent mineralocorticoid, enhancing renal sodium and water retention, thus increasing blood pressure; long-term elevation of blood pressure strongly depends on increased circulating blood volume. 11, 12 Furthermore, the pathophysiological role of aldosterone is now known to extend beyond the regulation of salt and water homeostasis. Aldosterone induces cardiovascular dysfunction including cardiac fibrosis, vascular inflammation and endothelial dysfunction, independently of its effects on water and electrolyte balance. [13] [14] [15] [16] Aldosterone is produced by the outer zone of the adrenal cortex, the zona glomerulosa. These cells differ from the other adrenocortical zones in respect to the wide variety of hormones and other molecules influencing aldosterone synthesis and secretion. 10, 17 It is not absolutely certain which of these potential regulators adjust aldosterone secretion in humans. Therefore, the reasons for inappropriately elevated aldosterone levels, which are a major reason for hypertension including obesity hypertension might be manifold and are often not clear. We demonstrated recently that adipocyte secretory products stimulate steroid secretion from human and bovine adrenocortical cells with a predominant effect on aldosterone secretion. This could provide a new link between adipose tissue and aldosterone-induced adverse cardiovascular events, such as cardiac fibrosis and high blood pressure. This stimulation of aldosterone secretion was independent of adipocyte angiotensin II (AngII) and other recently defined adipokines. 18, 19 In addition to a direct stimulation of aldosterone secretion, inappropriate stimulation of aldosterone secretion might be owing to a sensitization of adrenocortical zona glomerulosa cells toward stimulation by AngII. Therefore, one aim of this study was to determine whether adipocytokines induce sensitization of human adrenocortical cells to AngII as an additional link between adipose tissue and increased aldosterone secretion.
Owing to the important role of aldosterone in maintaining electrolyte homeostasis, defining how its secretion is regulated under different physiological and pathological conditions is of major importance. Thus, a further aim of this study was to determine the signaling mechanisms involved in fat cell-induced aldosterone secretion using human adrenocortical NCI-H295R cells. A first screen of these cells using a protein kinase array for signal transduction protein expression and phosphorylation (Figure 4 ) indicated the involvement of mitogen-activated protein kinases (MAPK) such as ERK1/2. In addition, it has been shown recently that in cultured rat glomerulosa cells, AngII increases protein synthesis including the expression of the steroidogenic enzymes and steroidogenic acute regulatory protein (StAR) via the p42/p44 MAPK and p38 MAPK pathways, 20 and the stimulation of hormone secretion in aldosterone-producing glomerulosa cells. 21 Therefore, the role of ERK1/2 MAPKs in fat cell-induced aldosterone secretion was determined in human H295R adrenocortical cells and isolated human adrenocortical cells in primary culture.
Methods
The study was approved by the Local Ethical Committee.
Isolation of adipocytes and preparation of adipocyte-conditioned medium (ACM) This was performed as described previously. 18 Briefly, tissue specimens from white human subcutaneous adipose tissue were obtained from healthy women aged 30-54 years undergoing surgical mammary reduction. All of the women were otherwise healthy and free of metabolic and endocrine diseases. The body mass index (BMI) range of the donors was between 23 and 33.2 (28.471.4, mean7s.d.). Immediately after surgical removal, adipose tissue samples of 20-150 g wet weight were transported to the laboratory in Dulbecco's modified Eagle's medium (DMEM)/Nutrient Mix F12 (DMEM/F12; MP Biomedicals/Gibco, Karlsruhe, Germany), 100 U/ml penicillin and 100 mg/ml streptomycin. The tissue was dissected free from fibrous material and blood vessels, minced into small pieces and digested in Krebs Ringer Bicarbonate buffer (KRB) containing 100 U/ml collagenase type I from clostridium histolyticum (Sigma-Aldrich, Munich, Germany) in a shaking water bath for 45-60 min at 371C. The digested tissue was filtered twice through nylon gauze (250 mm) and washed with KRB. Two millilitres of isolated floating adipocytes were cultured in 6-well culture plates (Nunc, Corning, Acton, MA, USA) containing 2.5 ml cell culture medium (DMEM/F12 containing 15 mmol/l N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid (HEPES) and 2.5 mmol/l L-glutamine supplemented with 1.125 g/l NaHCO 3 , 100 U/ml penicillin, and 100 mg/ml streptomycin). Cells were kept at 371C in a humidified atmosphere of 5% CO 2 /95% air and cultured for 24 h. The conditioned medium was then collected by filtration and kept frozen at À701C.
NCI-H295R cells
Cells were grown in DMEM/F12 containing 15 mmol/l HEPES and 2.5 mmol/l L-glutamine, supplemented with 1.125 g/l NaHCO 3 , insulin (66 nmol/l), hydrocortisone (10 nmol/l), 17b-estradiol (10 nmol/l), transferrin (10 mg/ ml), selenite (30 nmol/l), penicillin (100 U/ml), streptomycin (100 mg/ml) and 2% fetal bovine serum (FBS). NCI-H295R Primary human adrenocortical cells Three normal human adrenals from patients who had been unilaterally nephrectomized for renal carcinoma were analyzed in this study. Immediately after surgery, the adrenals were transferred to prechilled phosphate-buffered saline (PBS) and kept on ice until further treatment. Adrenals were dissected mechanically, and dispersed cells were obtained by digestion with collagenase (0.1% wt/vol) and deoxyribonuclease (0.01% wt/vol) as described previously. 22 The isolated cells were cultured in DMEM/F12 containing penicillin (100 U/ml), streptomycin (0.1% wt/vol) and 10% fetal calf serum (FCS) at 371C under 5% CO 2 .
Incubation of NCI-H295R cells and human primary cells NCI-H295R cells were incubated with the respective stimulation medium for 15 min to 24 h. Human primary cells were incubated with the respective stimulation medium for 24 h. ACM was supplemented with insulin (66 nmol/l), hydrocortisone (10 nmol/l), b-estradiol (10 nmol/l), transferrin (10 mg/ml), selenite (30 nmol/l), penicillin (100 units/ml) and streptomycin (100 mg/ml). After incubation, culture medium was collected and kept frozen at -201C until assay.
Aldosterone measurement
Aldosterone in the incubation medium was measured by direct specific RIA (DSL-8600; Diagnostic Systems Laboratories, Webster, TX, USA) according to the manufacturer's protocol.
cAMP measurement cAMP in the incubation medium was measured by enzymelinked immunosorbent assay (ELISA; CM 581001; IBL Immuno-Biological Laboratories, Hamburg, Germany) according to the manufacturer's protocol.
Protein isolation NCI H295R cells were washed twice with ice-cold PBS and lysed in ice-cold lysis buffer (Sigma-Aldrich) for 30 min at 41C. Insoluble material was removed by centrifugation at 12 000 g for 15 min at 41C.
Western blot analysis
Western blot analysis was performed as described previously. 23, 24 Briefly, samples were matched for protein content, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to a nitrocellulose membrane. Subsequently, membranes were immunostained with rabbit anti-phospho-ERK1/2 antibody (1:1000; Cell Signalling, Danvers, MA, USA), anti-ERK1/2 antibody (1:1,000; Cell Signalling) or anti-StAR antibody (1:1000; Santa Cruz Technology, Santa Cruz, CA, USA). The bound primary antibody was visualized using the Western Breeze Chemiluminescent Immunodetection Kit (Invitrogen, Karlsruhe, Germany).
Quantification of phospho-ERK1/2 by ELISA Quantification of total ERK1/2 and ERK1/2 phosphorylation by ELISA was performed as described previously. 23, 24 NCI H295R cells were seeded in 96-well plates (140 000 cells/cm 2 ; Nunc). After stimulation as indicated below, the cells were fixed with 4% formaldehyde in PBS for 20 min at room temperature and washed three times with PBS containing 0.1% Triton X-100 (PBS/Triton). Endogenous peroxidase was quenched with 1% H 2 O 2 and 0.1% Azide in PBS/Triton for 20 min. Cells were washed three times with PBS/Triton, blocked with 5% FCS in PBS for 1 h, and incubated overnight with the primary antibody (1:5000; Cell Signalling) in PBS containing 5% bovine serum albumin (BSA) at 41C. The next day, cells were washed three times with PBS/Triton for 5 min, incubated with peroxidase-conjugated mouse anti-rabbit secondary antibody (1:10 000) in PBS containing 5% BSA for 1 h at room temperature, and washed with PBS/Triton three times for 5 min and twice with PBS. After that, the cells were incubated in 100 ml SuperSignal ELISA Pico Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL, USA) for 5 min at room temperature. The resulting luminescence was detected using a multiwell reader (Mithras LB 940; Berthold, Bad Wildbad, Germany). Subsequently, the relative number of cells in each well was determined using crystal violet staining of the nuclei, allowing normalization of ERK1/2 phosphorylation for cell number. 23 Briefly, the cells were washed twice with PBS/Triton and twice with PBS. After drying the wells for 5 min, 100 ml of crystal violet solution was added for 30 min at room temperature. Subsequently, the cells were washed four times with demineralized water, and 100 ml of 1% sodium dodecyl sulfate solution was added and incubated on a shaker for 1 h at room temperature. Finally, the absorbance was measured at 595 nm.
Phospho-antibody screening NCI H295R cells were rinsed in PBS, lysed by adding 1 ml icecold lysis buffer ( Transcription factor activity of cAMP response element (CRE) was measured using the GreatEscAPe SEAP fluorescence detection kit (Clontech) in the supernatant of the cell cultures. Firefly luciferase activity and renilla luciferase activity were assayed with Luciferase Assay System (Promega). Renilla luciferase activity was used to normalize the SEAP activity and firefly luciferase activity, respectively. Each transfection was performed in triplicate and repeated 2-3 times with different cell culture passages and ACM preparations.
RNA extraction and first-strand cDNA synthesis Total RNA from NCI H295R cells was isolated using the RNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Total RNA (3 mg) was reverse transcribed with 200 U of M-MLV Reverse Transcriptase (Promega Corporation), using Oligo(dT) 15 primers (Promega) according to the manufacturer's instructions.
Quantitative PCR StAR mRNA levels were determined by using the LightCycler FastStart DNA Master Plus SYBR Green I kit (Roche Applied Science). The amplification protocol consisted of a denatura- ). After 96 h, cells were incubated with ACM or control media for 3 h. Fixation was performed in 4% paraformaldehyde/PBS at room temperature. After five times washing in PBS, cells were permeabilized with 0.5% Triton X100/PBS on ice for 5 min, followed by three washes with PBS. Cells were then blocked with 5% FBS/PBS for 30 min at room temperature, followed by incubation with primary antibodies (phosphorylated extracellular regulated kinase (pERK), 1:500 in 5% FBS/PBS) at 41C overnight. After five times washing in PBS þ 0.2% Tween20 (Wash Buffer), the cells were incubated with FITC-conjugated secondary antibodies in 5% BSA/PBS (1:500) at room temperature for 60 min followed by washing in Wash Buffer (5 Â ) and PBS. Coverslips were then mounted in Vectashield Mounting Media with 4,6-diamidino-2-phenylindole (DAPI; Vector Laboratories Inc., Burlingame, CA, USA). Confocal microscopy was performed with Olympus FV-1000 confocal microscope with a 60 Â objective lens. Images were analyzed using the FV10-ASW 1.3 viewer software. Materials H-89 was from Biomol (Hamburg, Germany), U0126 and AG1478 were from Calbiochem (EMD Biosciences Inc., Darmstadt, Germany). Unless otherwise stated, all other materials were from Sigma (Munich, Germany).
Statistics
The data are presented as mean7s.e.m. Significance of difference was tested by paired or unpaired Student's t-test or analysis of variance as applicable. Differences were considered significant for values of Po0.05. Cells from at least two different passages were used for each experimental 
Results
The effect of ACM on basal and AngII-stimulated aldosterone release was characterized in isolated human adrenocortical cells in primary culture and a human adrenocortical cell line (NCI-H295R). ACM stimulated aldosterone secretion in the cell line as well as in primary human adrenocortical cells (Figure 1a) . 
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we tested for the possible involvement of this signaling cascade in the ACM-mediated aldosterone synthesis and upregulation of StAR observed. ACM did not influence cAMP production in adrenocortical NCI-H295R cells ( Figure 3a) . As expected, FSK (2 Â 10 À5 mol/l), but not AngII (10 À7 mol/l), induced cAMP production. Accordingly, pharmacological inhibition of PKA by H89 (10 À5 mol/l) did not influence ACM-mediated aldosterone secretion after 24 h (Figure 3b ). CREB transcriptional activity was elevated only relatively modest (approximately 190% of controls) in 24 h ACMtreated cells compared with FSK-treated cells (Figure 3c ).
In our search for possible signaling cascades that mediate the ACM-mediated StAR upregulation, a screening of NCI-H295R cells was performed using the Kinexus protein Kinase screens, KPKS-1.2A and KPKS-1.2B. These revealed a significant increase in the levels of phosphorylated extracellular regulated kinase (ERK) 1 and ERK2 after 1 h stimulation of the cells with ACM. Total ERK1/2 protein remained unchanged (Figure 4a-c) . The results from this screen were confirmed by Western blot analysis (Figure 4c) . Moreover, phosphorylation of raf-1, an upstream mediator of ERK1/2 was also increased (data not shown). ACM-mediated activation of ERK1/2 was assessed by phospho-specific ELISA and Western blot analysis. ACM stimulated ERK1/2 phosphorylation in a time and dose-dependent manner (Figure 5a and b) . The ACM-stimulated increase in phospho-ERK1/2 was completely blocked by inhibition of MEK, a direct upstream mediator of ERK, by UO126 (10 À5 mol/l) (Figure 5c ). AngII Table 1 . Representative blot from three independent experiments. All experiments were repeated 2-3 times with at least 2-4 different fat cell (ACM) preparations. ACM, adipocyte-conditioned medium; AngII, angiotensin II; StAR, steroidogenic acute regulatory protein. Adipokines regulate StAR in adrenocortical cells AW Krug et al mediated transcriptional activity. Also, UO126 completely abolished ACM-induced mineralocorticoid secretion from primary adrenocortical cells as well as NCI-H295R cells (Figure 7a ). Total cellular protein content was not influenced by ACM or by treatment with UO126. AngII-induced aldosterone secretion was MAPK-dependent, and was blocked by MEK inhibition (Figure 7b ). Next, we asked whether activation of ERK1/2 is directly involved in ACMmediated upregulation of StAR. UO126 largely reduced ACM-stimulated StAR promoter activity after 24 h (Figure 7c ). Accordingly, StAR mRNA and StAR protein expression is expected to be suppressed, as indicated by the lack of aldosterone secretion.
Discussion
Our previous in vitro studies showed that human fat cells secrete factors that enhance adrenocortical steroidogenesis, with a predominant effect on aldosterone secretion in a human adrenocortical cell line. In this study, steroidogenesis was also stimulated in freshly isolated primary human adrenocortical cells, supporting the role of this interaction in human physiology and/or pathology. This stimulation of adrenocortical steroidogenesis involves upregulation of StAR, a key factor in steroidogenesis mediating the transfer of cholesterol from the outer to the inner mitochondrial membrane in a rate-limiting step. 29 Treating NCI-H295R cells with ACM for up to 24 h increased StAR mRNA levels and StAR protein expression with a maximum after 12 h. A similar biphasic effect of AngII on StAR expression with a peak after 3 h followed by a decline has been observed in bovine adrenocortical cells. 31 Adipokines in our study had the same biphasic effect with a peak after 12 h in NCI H295R cells, although the active component in the ACM has been shown to be independent of AngII released from adipocytes. 18 The cAMP/protein kinase A (PKA)-CREB pathway is the major signaling cascade regulating steroidogenesis as well as 
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StAR expression. 30 In addition, PKA is considered to be an important positive regulator of StAR activity by posttranslational phosphorylation. 32 We, therefore, investigated the effect of ACM on the cAMP/PKA/CREB signaling cascade. ACM-mediated aldosterone production was not accompanied by cAMP production, and inhibition of PKA failed to reduce ACM-induced aldosterone synthesis. These findings indicated a cAMP-independet mechanism in ACM-mediated StAR expression and aldosterone synthesis. However, CREB transcriptional activity was enhanced by ACM, although relatively modest compared to stimulation by FSK, indicating an alternative, cAMP-independent activation mechanism of CREB. 33 Several recent studies have indicated the involvement of other signaling cascades than the cAMP/PKA/CREB pathway in steroidogenesis and in the upregulation of steroidogenic enzymes and StAR, including the MAPK ERK1/2 pathway. However, disagreement exists with regard to the role of MAPK in steroidogenesis. It seems to differ in a tissue and species-specific manner. 34, 35 For example, FSH and LH are known to stimulate steroid production in ovarian cells and enhance ERK1/2 activation. 36, 37 However, inhibition of ERK activation enhanced agonist-induced steroid production in granulosa cells. 34 AngII stimulated ERK1/2 activity in bovine adrenal glomerulosa cells 38 and H295R cells (present study, and Watanabe et al. 39 and Natarajan et al.
40
). In the study of Natarajan et al., 40 
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Adipocytes produce and secrete a wide variety of active components with endocrine or paracrine activity. 46 The adipokines that produce the aldosterone-stimulating effects are heat sensitive and the activity can be reconstituted after ammonium precipitation indicating the involvement of protein. 18 The activity consists of at least two factors:
filtration based on molecular mass revealed an active fraction (molecular mass 450 kDa) representing 60% of the activity 18 and an inactive fraction of lower molecular mass (o3 kDa; data not shown). The combination of the two fractions increased the recovery rate to 490%, indicating the involvement of at least two factors. In this study, AngII-mediated aldosterone secretion was largely enhanced after preincubation of adrenocortical cells with ACM. Hence, we speculate that sensitization of adrenocortical cells to AngII may induce a renin-independent increase in aldosterone secretion in obesity. Interestingly, we could show recently that hypertensive obese patients had an increased aldosterone/renin ratio compared with normotensive obese patients, suggesting a low renin aldosteronism in these patients. 47 Taken together, our data show that adipokines directly stimulate aldosterone secretion in primary human adrenocortical cells and H295R cells via an upregulation of StAR. These adipokines do not act via the cAMP/PKA signaling pathway but instead via the ERK1/2 MAPK signaling pathway. In addition, adipocyte secretory products pronouncedly potentiate AngII-stimulated aldosterone secretion. These mechanisms may play a role in the often observed link between obese patients and hypertension. Adipokines regulate StAR in adrenocortical cells AW Krug et al
